The dnaB gene of Escherichia coli encodes a helicase that operates at replication forks of the bacterium and certain of its bacteriophages to produce separated strands suitable for subsequent use by primase and DNA polymerase III. Here, we present the sequence of the dnaB gene of Salmonella typhimurium, a functionally interchangeable analog of the E. coli dnaB gene. The DnaB proteins of these two organisms, inferred from the DNA sequences, are identical in length and in 93% of amino acid residues. Extended portions of the DnaB proteins are also similar to two phage-encoded DNA replication proteins: the gene 4 helicase-primase of coliphage T7 and, as reported previously (H. Backhaus and J. B. Petri, Gene 32:289-303, 1984), the gene 12 protein of SalmoneUla phage P22. In contrast, little similarity was found between DnaB and either the UvrD repair helicase or transcription termination factor Rho (an RNA-DNA helicase). These results identify S.
A common feature of the DNA replication cycle of Escherichia coli and many of its bacteriophages is the formation, at an origin, of an apparatus capable of migrating into unreplicated DNA, unwinding this DNA if it is not already single stranded, and catalyzing or stimulating formation of RNA primers for complementary-strand synthesis (8, 30, 40, 41) . The exact composition of such an apparatus varies for different DNA molecules, but a crucial component in many cases is the DnaB protein encoded in the E. coli chromosome. This protein, a hexamer of identical subunits (5, 51) , utilizes the energy derived from ATP hydrolysis to drive strand separation, as well as its own translocation, in a 5'-to-3' direction along the single strand to which it is bound (33) . E. coli and its DnaB-dependent phages, X and 4X174, use elaborate controls to ensure that the few tens of molecules of DnaB available in a cell (58) are used efficiently and specifically for DNA replication. Elements of these controls include proteins which bind to the origin, proteins which transfer DnaB to the marked origin, and proteins which activate DnaB bound at the replication origin of phage A (3, 4, 8, 14, 15, 22, 28, 40, 63) . Some other phages, such as T4, T7, and Salmonella phage P22, do not depend on host dnaB. These phages use known or suspected phage-encoded helicases (48, 49, 54, 64) . Once positioned at a replication fork, DnaB or an analogous protein may provide attachment sites for other required proteins, such as primase or DNA polymerase III (1, 7, 33, 65) .
A full understanding of the operation of a DNA replication fork clearly requires knowledge of the structure of DnaB protein and the geometry of DnaB interactions with other proteins and with DNA. Part of the necessary knowledge may be obtained from comparisons of DnaB with its analogs. We have previously reported the existence in Salmonella typhimurium of a dnaB analog that can complement temperature-sensitive dnaB mutants of E. coli (39) . The complementation tests were carried out by using phage X recombinants that bore the S. typhimurium dnaB analog. One of these clones has been used as the starting point for physical * Corresponding author. localization of this gene and its complete DNA sequence determination.
MATERIALS AND METHODS
General methods. E. coli RM84 [dnaB22(Ts) sup'; derived from strain FA77 (42) by lysogenization with X112 (37) ] was used to test dnaB complementation by plasmid clones. Plasmids and phage M13 derivatives were propagated in strain JM103 (43) . DNA preparations for transformation and sequencing have been described previously (13, 35) . Enzymes were used under conditions suggested by their commercial suppliers. Sequencing on M13 clones was carried out by the dideoxy method (53) . The entire sequence presented in Fig. 2 was determined on both strands. Sequence similarity between DnaB and other proteins was evaluated by using the PRTALN program (67) .
Plasmid and M13 constructions. Plasmid pFF17 contains the 2.0-kilobase (kb) HindIII-EcoRI fragment from XRM113 (dnaB+; 38, 39) in a pUC8 vector (59) . The analogous plasmid containing dnaB34(Am) is pFF45 and was derived from ARM220 (38 Fig. 2 ). This region was sequenced by using suitable synthetic primers complementary to dnaB.
RESULTS
Physical localization of dnaB. The restriction map of XRM113 (dnaB+) is shown in Fig. 1 5' to the initiator ATG) as the likely dnaB promoter, since it bears the closest similarity to consensus bacterial promoters (25, 27) . In the S. typhimurium sequence, the proposed -35 region is preserved at positions -74 to -69, but the -10 sequence is completely lost as part of an 18-bp deletion in S. typhimurium DNA. The sequence now found in the -10 position in S. typhimurium shows poor homology with the canonical sequence (AATGTG versus the canonical TATAAT). This observation raises some doubt about the identity of the dnaB promoter. We note that another sequence with good homology to consensus promoters can be found (both in E. coli and in S. typhimurium) 19 of these sequences is the dnaB promoter will have to be determined by mapping the 5' end of the dnaB message. It is also possible that dnaB, like several other DNA replication genes, can be transcribed from multiple promoters (24, 34, 57) .
For 22 nucleotides preceding the initiator ATG, the sequences in E. coli and S. typhimurium are identical. As noted previously (44) , this region contains no extensive complementarity to the 3' end of 16S rRNA, a factor that may limit translation of dnaB and thereby contribute to the low level of DnaB maintained in cells.
Another potential influence on dnaB expression is suggested by the presence of an open reading frame, oriented oppositely to dnaB, beginning with an ATG (CAT in the strand shown in Fig. 2 ) at -68. This reading frame is preceded at a distance of four nucleotides by a potential ribosome-binding site (GGAGG; CCTCC as shown) (23) . This reading frame continues uninterrupted to the Hindlll end of the dnaB fragment, including both the sequence shown and an additional 254 bp sequenced on only one strand. A data bank search did not identify this potential gene product but did reveal significant homology to several alcohol dehydrogenases. If this potential gene product is made in vivo (which cannot be evaluated with the existing plasmids because the reading frame is fused to lacZ out of frame), the position of its reading frame implies that either its promoter overlaps the dnaB promoter, or its message is complementary to the dnaB message. Either possibility could have regulatory significance.
Comparison between E. coli and S. typhimurium DnaB. The DnaB amino acid sequence is highly conserved between E. coli and S. typhimurium. Of the 470 residues, only 35 differ between the two species (93% identity). Among the 35 amino acid residue changes, many are conservative, including seven exchanges between glutamate and aspartate. There is no difference in the total number of basic residues (lysine plus arginine) or in the total number of acidic residues (glutamate plus aspartate). It is noteworthy, however, that the few amino acid changes between E. coli and S. (17) . The longer of the two gene 4 polypeptides is used (16) . The alignment in the figure was obtained using the PRTALN program (67) with parameters set at K-tuple = 1, window = 40, and gap penalty = 2. Amino acid identities are marked by dots below the alignment. Marks above the alignment denote identities between S. typhimurium DnaB and P22 gene 12 by using the alignment reported by Backhaus and Petri (6) . Bars denote identities in all three proteins. Dashes indicate insertions needed to maintain the alignment. dnaB34(Am) is unable to complement a dnaB(Ts) mutation, a result suggesting that substitution of cysteine or phenylalanine for glutamine at position 149 produces nonfunctional DnaB (data not shown). Moreover, dnaB mutations exhibiting specific defects in function affect residues Ile-135, Ile-141, and Leu-156 (all conserved residues in the trypsinsensitive connector), as well as other sites in DnaB (R. Maurer and A. Wong, manuscript submitted).
Codon usage in S. typhimurium dnaB scarcely differs from that in E. coli dnaB. Codon usage is not thought to play a major role in limiting expression of DnaB (44) .
Comparison with gene 4 helicase-primase of phage T7. Figure 3 shows an alignment of the S. typhimurium DnaB amino acid sequence with that of the helicase-primase encoded by coliphage T7 (29, 55) . Identities are marked by dots below the alignment. Particularly notable are two extended stretches of similarity: 26 of 99 identical residues corresponding to amino acids 167 through 265 in DnaB, and 28 of 107 identical residues corresponding to amino acids 313 through 419 in DnaB. In each stretch, only one or two short (1-to 2-amino-acid) insertions are required to maintain the alignment. Thus, as is also true of the alignment of DnaB with the analogous P22 gene 12 protein (6) , the greatest similarity is within the C-terminal domain of DnaB.
No homology of DnaB with UvrD or Rho. Helicase II, the uvrD product, has its major in vivo function in connection with DNA repair, but under some circumstances it may also participate in DNA replication (for reviews, see references 32 and 41). According to early reports, helicase II, like DnaB, migrates 5' to 3' along the single strand to which it is bound (31); a more recent study inferred 3'-to-5' migration (36) . An attempt to align the amino acid sequence of helicase II from E. coli (19 [corrected in reference 69]) with DnaB from either E. coli or S. typhimurium failed because of insufficient similarity.
Transcription termination factor Rho from E. coli, the product of the rho gene, is an RNA-DNA helicase that attaches to single-stranded RNA and migrates in a 5'-to-3' direction to invade the RNA-DNA hybrid region near a transcribing RNA polymerase (11) . Like DnaB, Rho monomers join into functional hexamers, and also like DnaB, Rho monomers consist of two protease-resistant domains (9, 18, 20 ; for a review, see reference 68). Despite these similarities in functional aspects of DnaB and Rho, their amino acid sequences (50) could not be aligned.
DISCUSSION
The DNA sequence data presented in this paper, together with functional data presented previously (39) , firmly establish S. typhimurium DnaB as a member of the family of proteins whose prototype is the E. coli DnaB protein. Other proteins can be considered members of this family if they substitute for DnaB in host chromosome replication, or if they show significant primary amino acid sequence similarity to DnaB and share some distinctive aspect of DnaB function. According to these criteria, other members of the DnaB family include the Ban protein of coliphage P1 (12), one or more DnaB analog proteins encoded by conjugative R plasmids (62), the helicase-primase of coliphage T7 (29, 55; see Fig. 3 ) and with P22 gene 12 (6; dots and bars above the alignment in Fig. 3 ) are compared, two regions of significant common identity emerge. These regions are evident from inspection of Fig. 3 , where all common identities are designated by a bar above the alignment.
One of these regions contains the conserved triad MetGly-Lys, beginning with residue 234 in DnaB. This sequence is immediately followed by threonine in DnaB and gene 12 and by serine in gene 4. This sequence resembles the ATP-binding site consensus sequence, GXXXGK(T/S) (21, 61), differing only by substitution of alanine or threonine for the initial glycine. Moreover, the predicted secondary structure surrounding this region in DnaB (44) 
